Improved non-invasive localization of the epileptogenic foci prior to epilepsy surgery would improve surgical outcome in patients with partial seizure disorders. A critical component for the identification of the epileptogenic brain is the analysis of electrophysiological data obtained during ictal activity from prolonged intracranial recordings. The development of a noninvasive means to identify the seizure onset zone (SOZ) would thus play an important role in treating patients with intractable epilepsy. In the present study, we have investigated non-invasive imaging of epileptiform activity in patients with medically intractable epilepsy by means of a cortical potential imaging (CPI) technique. Eight pediatric patients (1M/7F, ages 4-14 year) with intractable partial epilepsy were studied. Each patient had multiple (6 to 14) interictal spikes (IIS) subjected to the CPI analysis. Realistic geometry boundary element head models were built using each individual's MRI in order to maximize the imaging precision. CPI analysis was performed on the IISs, and extrema in the estimated CPI images were compared with SOZs as determined from the ictal electrocorticogram (ECoG) recordings, as well as the resected areas in the patients and surgical outcomes. The distances between the maximum cortical activities of the IISs reflected by the estimated cortical potential distributions and the SOZs were determined to quantitatively evaluate the performance of the CPI in localizing the epileptogenic zone. Ictal ECoG recordings revealed that six patients exhibited a single epileptogenic focus while two patients had multiple foci. In each patient, the CPI results revealed an area of activity overlapping with the SOZs as identified by ictal ECoG. The distance from the extreme of the CPI images at the peak of IIS to the nearest intracranial electrode associated with the onset of the ictal activity was evaluated for each patient and the averaged distance was 4.6 mm. In the group of patients studied, the CPI imaged epileptogenic foci were within the resected areas. According to the follow-up of the eight patients included, two were seizure free and six had substantial reduction in seizure frequency. These promising results demonstrate the potential for noninvasive localization of the epileptogenic focus from interictal scalp EEG recordings. Confirmation of our results may have a significant impact on the process of presurgical planning in pediatric patients with intractable epilepsy by dramatically reducing or potentially eliminating the use of intracranial recording.
Introduction
In the presurgical evaluation and diagnosis of the medically intractable epilepsy patients, it is of importance to accurately locate the epileptogenic brain areas to guide the neurosurgical operations. In most clinical cases, the electrocorticogram (ECoG) collected by subdural electrodes as well as stereotactic EEG (SEEG) by depth electrodes have been a gold standard to find the epileptogenic brain areas (Engel et al., 1981) . Although there are high concordances between subdural and depth electrodes, the two techniques are applied differently in clinical diagnosis of epilepsy. Depth electrodes are necessary in detecting seizures originating in deep brain areas such as hippocampus. Subdural electrodes can be accurate when seizures are focal and lateralized (Spencer et al., 1990) . They are often used in localizing seizures for pediatric patients who have epileptiform activities originating from neocortex, which are close to the recording surface.
However, the use of ECoG has been limited in clinical routine due to its invasiveness, morbidity risk, and high cost (Huppertz et al., 2001a) . Meanwhile, the scalp EEG provides noninvasive means to monitor the brain electrical activity, which offers much of the information for the localization of epileptogenic foci but with less accuracy. Many methods have been applied to localize the epileptiform activities based on the EEG source analysis, such as the dipole localization (He et al., 1987; Ebersole 1994) , the distributed source analysis (Michel et al., 1999; Huppertz 2001b; Sidman et al., 1992; Ding et al, 2007a,b; Brodbeck et al., 2010) and the localization from EEG patterns (Ebersole et al., 1996; Ebersole 1997 ) in both research and clinical studies.
This study aims to apply cortical potential imaging (CPI), a high resolution EEG technique , to determine the epileptogenic foci from the noninvasive EEG recordings of epileptiform interictal spikes (IIS). The feasibility of this technique has been demonstrated in a previous study (He et al., 2002) by analyzing the clinically collected somatosensory evoked potentials. It was also used to localize and image cortical regions displaying interictal epileptiform activities in pediatric epilepsy patients, where the epileptogenic cortical zones at different lobes (frontal, temporal and parietal) were successfully revealed in the study, and confirmed by the neurosurgical resections and subsequent favorable outcomes (Zhang et al., 2003) . However, in this previous study, a spherical head model with standard electrode locations were used to test feasibility of the CPI approach in clinical routines where a whole-head MRI and measured electrode positions are not available (as is frequently the case in a clinical setting). In addition, due to the lack of structural information from MRI in some patients, only qualitative comparison of the CPI results with SOZs were presented, and the localization accuracy could not be quantitatively established.
Accurate determination of the epileptogenic zone(s) is especially important in guiding neurosurgical resection. Studies have shown that, assuming a single dipole source model, the average error reflected by the difference between the locations of the calculated dipole and the intracranial source was 10mm for a four-shell spherical head model (Cohen et al., 1990) , and 8.5 mm for a three-shell realistic model (Homma et al., 1994) . Previous work has shown that the use of realistic geometry (RG) head models is able to increase the dipole localization accuracy for epileptiform spikes compared with the spherical head model (Silva et al., 1999) . And another study reported that use of the RG head model increased source localization accuracy as compared with that using the 3-sphere head model (Roth et al., 1997) .
In the present study, the CPI approach is applied to localize and image the interictal epileptiform spikes to reveal the epileptogenic cortical zones from scalp EEG recordings for pediatric epilepsy patients. The realistic geometry boundary element head volume conductor models have been employed in the analysis, in order to obtain more accurate location and extent of the epileptogenic zones to guide the presurgical planning. The localization accuracy is quantified by the distances between the CPI extrema and associated SOZs determined by intracranial measurements and surgical outcomes. Figure 1 illustrates the study protocol. For each patient, EEG was acquired using scalp electrodes. MR images were obtained to build the multi-layer (scalp, skull and cortex) realistic geometry boundary element head model (He et al., 1987; Hamalainen & Sarvas, 1989) . With these measurements in place, the CPI technique was then applied to estimate the electrical potential distribution over the whole cortical surface. The long term monitoring ECoG was also recorded by the implanted subdural electrodes to identify the seizure onset zone for each included pediatric epilepsy patient. The CPI results were then compared with the ECoG findings quantitatively by measuring the physical distance between CPI maximum and SOZs, as well as with the surgical resection and outcome in the patients. Table I summarizes the patients' information, diagnoses, operation, surgical outcome, and follow-up length. Eight pediatric patients (1 male, 7 female, 4 to 14 years old) with medically intractable partial epilepsy were studied using a protocol approved by the Institute Review Boards of the University of Minnesota and the University of Chicago. All patients had similar presurgical evaluation which included preoperative structure MRI, interictal and ictal long term video/EEG monitoring with both scalp electrodes and subsequent subdural electrodes (Radionics Medical Products Inc., Burlington, Massachusetts) at the Pediatric Epilepsy Center at the University of Chicago Children's Hospital. The follow-up (1 to 8 years) shows that all patients either are seizure free or have reduction of seizure frequency after the surgical resections (Table I) .
Methods

Patients
Data Acquisition
During the presurgical monitoring, the EEGs were obtained using 24 scalp electrodes placed according to 10-10 system (American Electroencephalographic Society, 1994) with 400Hz sampling rate and band-pass filtering at 1-100Hz (BMSI 6000, Nicolet Biomedical Inc., Madison, Wisconsin). The positions of the surface electrodes as well as three fiducial points (nasion, left and right preauricular points) were digitized using a magnetic digitizer (Polhemus Inc., Colchester, VT). The interictal records from each patient were reviewed for occurrence of spikes. For each patient, multiple (6 to 14) interictal spikes were visually identified according to the International Federation of Societies for Electroencephalography and Clinical Neurophysiology (IFSECN) criteria (Chatrian et al., 1974) . Spikes were selected sequentially as they occurred in the long term EEG monitoring records. Epochs with artifact (eye movement and blinks, muscle activity etc) were excluded from analysis. The highest peak of the interictal spike was determined by a peak detection algorithm. The artifact-free preoperative scalp EEG epochs of 2 second duration centered at the peak of the spikes were isolated for further analysis. Baseline correction was based on the scalp EEG data from 300 to 100ms before the peak of the spikes.
Three-dimensional (3-D) MRI were obtained for each patient with a Siemens 1.5T scanner using T1-weighted images composed of 120 continuous coronal slices with 1.5mm slice thickness. These MR images have been employed to build the 3-layer boundary element model for each individual using the software of Curry (Neuroscan Labs, TX). The normalized conductivity of the scalp and the brain was taken as 1.0 and that of the skull as 1/20 (Oostendorp et al., 2000; Lai et al., 2005; Zhang et al., 2006) . In order to compare the noninvasive estimation and invasive recording, the postoperative CT images were also coregistered with the preoperative MRI to obtain the intracranial electrode positions in the same coordinate system as the boundary element model. The coregistration was based on a surface-fitting technique by matching the two skull surfaces reconstructed from both MR and CT images completed in Curry software (Neuroscan Labs, TX). It was a manual approach which interactively adjusted the transformation until a satisfactory visual result was achieved. Once the coregistration was done, the locations of corner electrodes and the dimension of the grid (e.g., 4X8 or 8X8) were then provided to the software, where the position of each surface electrode was automatically calculated.
Cortical Potential Imaging
The CPI technique used in the present study has been previously developed (He, 1999; He et al., 1999) , and validated experimentally using the Somatosensory Evoked Potential (SEP) data collected from human patients (He et al., 2002) . In brief, the head was approximately represented by a volume conductor with three shells representing the scalp, the skull, and the brain. Each shell is homogeneous but has different electrical conductivity. Since brain electrical sources exist only inside the brain, Green's second identity can be applied to the volume between the scalp and the skull, and the volume between the skull and the brain, respectively. After mathematical manipulations, a linear relationship has been shown to exist between the scalp potential and cortical potential. By solving the inverse problem, the cortical potential distribution can be estimated from the scalp EEG measurement. Due to the illposedness of the system, zero-order Tikhonov regularization (Tikhonov and Arsenin, 1977) , was used in the present study to suppress the noise effect.
In order to capture both early onset and the peak of the interictal epileptiform activity, CPI was applied to the scalp EEG measurements, at each time instant independently of other time instants, within a time window (typically from 20ms before to 10ms after the peak of spike). The regularization parameters corresponding to each time point were determined separately by means of the L-curve approach (Hansen, 1990 (Hansen, , 1992 .
Evaluation of Imaging Results
The results from the CPI analysis of IIS have been compared quantitatively with the ECoG ictal recordings, and compared qualitatively with resected areas. At first the long term monitoring ECoG recordings ( Figure 1 ) were visually inspected for the ictal events according to the IFSECN criteria (Chatrian et al., 1974) . On the ictal ECoG recordings, the channels where the repetitive activity (typically shown as fast oscillation) started first were considered as representation of SOZs. In cases of doubt or vague repetitive activities, the electrodes with largest amplitude were used instead. SOZs were defined as the cortical areas enclosed by these "active" electrodes. In addition, from the CPI-estimated cortical potential distribution, it is assumed that the cortical sites with maximal potential amplitude represent the generators of epileptiform activities. The physical distances of these sites to the SOZs were measured for each patient to evaluate the performance of the CPI analysis of interictal spikes.
Results
Eight pediatric epilepsy patients with medically intractable seizures were studied in the present work following the procedures as described above. All patients were enrolled in the University of Chicago Children's Hospital. After the neurosurgical resections, all patients either are seizure free or have substantial seizure reduction (see Table I ). Table II summarizes the results revealed by the CPI analysis. The mean distance between CPI and SOZ localization is 4.6 mm.
Results from three patients are shown because of their representative and challenging aspects in terms of the localization of their epileptogenic zones. The first example (patient #1) had two spatially adjacent foci, and both the second and the third examples (patients #4 and #5) each had three foci located in different lobes.
Identification of spatially adjacent foci
Patient #1 was a 10-year-old female with intractable seizures. The pre-operative long-term scalp EEG monitoring showed that she had a seizure focus on the right side of her brain. Subsequently, her right temporal and parietal lobe were monitored intracranially. This revealed that the seizure focus was located in the right frontal region. Surgical resection (right frontal lobectomy) made the patient seizure free.
Eight pre-operative interictal spikes were selected and subjected to the CPI analysis. Figure  2 shows the results of the CPI source analysis of one typical interictal spike. Figure 2d shows the waveform of the interictal spike used for the analysis. Figure 2a shows the scalp potential distributions between 15ms before and 10ms after the peak interictal activity. The estimated cortical potential distributions at the corresponding time points are shown in Figure 2b . Compared with the smeared scalp potential maps, the cortical potential estimation clearly show the epileptiform activities originated from two foci located at right frontal region. To precisely illustrate the exact location of the epileptogenic foci and provide a comparable indication of epileptogenic zone, the cortical potential distributions above a 50% amplitude level were superimposed onto the realistic cortical surface reconstructed from the patient's MRI, as displayed in Figure 2c . Figure 2e displays the right and top view of the two epileptogenic foci (N1 and N2) revealed by the estimated cortical potential distributions. The resected area of this patient is illustrated in Figure 2f , where there is only one large resection area (diameter about 3.5cm) which includes both foci shown in Figure 2e .
Localization of multiple foci at different lobes
Patient #4 was a 4-year-old female with intractable epilepsy. The preoperative long-term EEG monitoring revealed a right temporal focus. She had subdural electrode array placed on the right temporal lobe and right frontal lobe. The long-term subdural EEG monitoring revealed three cortical areas arousing seizure discharges, which were over the right sided anterior temporal lobe, right posterior temporal lobe and right inferior frontal lobe.
Six preoperative interictal spikes were subjected to the CPI analysis to find the epileptogenic foci. Figures 3a and 3b show waveforms of two typical EEGs of interictal discharges. Figures 3c and 3d show the scalp potential maps, the estimated cortical potential distributions, and the top 50% cortical activity at 6 selected time points surrounding the peak activity of spike #1 and #2, respectively. Figure 3e shows the right-view cortical potential distributions estimated from peak activity of interictal spike #1, where three localized areas of negativity N1 (right posterior-superior temporal), N2 (right inferior-posterior frontal) and N3 (anterior temporal) are revealed. Figure 3f shows the right-view cortical potential distribution of peak activity of interictal spike #2, where only N1 activity is revealed. But from Figure 3d , it can be seen that both N2 and N3 activities appeared in spike #2, but diminished and terminated before the peak activity. Figure 3g shows the location of SOZ identified by ECoG, which was well predicted by the corresponding CPI maximum. Of all 6 interictal spikes analyzed for this patient, two showed all three activities, three showed one frontal (N2) and one posterior temporal (N1) activities, and one showed only frontal activity (N2). All these three activities (N1, N2 and N3) are confirmed by the neurosurgical resections. The seizure frequency was reduced by more than 90% after the inferior-posterior frontal topectomy, posterior-superior temporal topectomy and temporal tip lobectomy.
Qualitative comparison with ECoG and surgical resections
Patient #5 was a 9-year-old female with intractable seizures. The preoperative long-term scalp EEG monitoring suggested presence of interictal discharges over the left hemisphere. Four electrode grids were placed subdurally to cover the posterior part of the left sided frontal lobe, the parietal lobe, the posterior parietal temporal lobe, and the superior and anterior temporal lobe. Preoperative long term subdural EEG monitoring revealed 3 areas of seizure discharges, one of which was over the left parietal lobe and two were over the left temporal lobe. The neurosurgical resections of these areas (left temporal lobectomy and left parietal topectomy) the seizure frequency was reduced by >90%.
Nine preoperative scalp EEG-recorded interictal spikes were analyzed using CPI, which were categorized into two types as shown in Figure 4 according to their spatial potential patterns. Figures 4a and 4b show the waveforms of two typical surface EEGs of interictal spikes #1 and #2, separately. Figures 4c and 4d show the scalp potential maps, the estimated cortical potential distributions and the top 50% cortical activities at 6 time points surrounding the peak activity for spike #1 and #2, respectively. Figure 4e shows the leftview and top-view estimated cortical potential distributions of the peak activity of interictal spike #1, where two localized areas of negativity N1 (left parietal) and N2 (left temporal) are revealed. Figure 4f shows the left-view and top-view cortical potential estimations of the peak activity of interictal spike #2. The localized area of N1 activity is the same as that of spike #1 shown in Figure 4e while N2 activity disappears, and an additional focus N3 is also revealed to reside in the left temporal lobe. Of nine interictal spikes analyzed using CPI, the N1 activity is revealed in all 9 spikes, N2 in five, and N3 in three. Figure 4g shows the ECoG findings of the SOZs, where the pink dots display subdural electrodes and the green dots represent the cortical area with seizure activities. Figure 4h illustrates the resected area indicated by the green arrows. Visual comparison of figures 4g and 4h with figures 4e and 4f indicates that the three epileptogenic areas N1, N2 and N3 are successfully identified by the CPI results.
Quantitative Comparison with Seizure Onset Zone
On the CPI-estimated cortical potential distribution, it is assumed that the cortical sites with maximal potential amplitude reveal the locations of the generators of epileptiform activities. The physical distances of these sites to the SOZs defined by ictal ECoG recordings were measured for each patient to evaluate the performance of the CPI analysis of interictal spikes. The distances are included in Table II , where 0 means that the cortical sites with maximal amplitude were within the SOZs. For the patients with multiple seizure foci (two in patients #3, #6, #7 and #8; three in patients #4 and #5), averaged distance is calculated and included in the table. In Figures 5 , the relative position of the CPI maximum and SOZs are displayed for patients #1. In patient #1 (Figure 5 ), the cortical site with maximum estimated potential is located within the SOZ on the right frontal lobe. The averaged distance for all of the eight patients included in this study is 4.6 mm.
Discussion
In the present study, eight pediatric epilepsy patients' pre-operative interictal spikes were subjected to the cortical potential imaging analysis to locate the epileptogenic foci using the patients' realistic geometry boundary element head model. The most active cortical areas revealed by the estimated cortical potential distributions were confirmed by the neurosurgical resections, which made the patients seizure free or have substantial seizure reduction. Compared with the adult patients, the pediatric epilepsy patients may frequently have epileptic discharges involving multiple neocortical areas at different lobes with a greater variety in the EEG patterns (Gilliam et al., 1997; Otsubo et al., 1997; Ochi et al., 2000) . However, this study shows that the epileptogenic foci located at the frontal, parietal, occipital as well as the temporal lobe can be located within 10 mm precision using the CPI analysis.
In pediatric epilepsy patients, the seizures occur more commonly in the extratemporal regions than in the temporal lobe (Gilliam et al., 1997; Otsubo et al., 1997) . The accurate localization of epileptogenic foci for the children is especially critical to distinguish the functional brain areas on the large extratemporal lobes from the pathological structures. The RG head model is reported to be able to increase the accuracy of the dipole localization for the interictal spikes (Silva et al., 1999) . In another work (Herrendorf et al., 2000) , by using the RG head model, the origin of interictal epileptiform discharges was localized to the primary epileptogenic zone in cases of extratemporal epileptogenesis. In a previous study (Zhang et al., 2003) , the spherical head model was used and CPI was applied to interictal spikes in a group of pediatric epilepsy patients. The use of the spherical model made it difficulty to quantitatively compare the reconstruction results with resected brain and SOZ as determined from ictal ECoG recordings. The present work employs the RG head model in the CPI analysis, which substantially improves the accuracy of the localization of the epileptogenic foci. Superimposing the cortical potential distribution onto the patients' realistic cortical surfaces with gyri and sulci reconstructed from MR scan (Figures 2-4) allows clear identification and interpretation of the locations and extents of the epileptogenic activities.
In the presurgical evaluation and diagnosis for epilepsy patients, the ECoG is still playing an essential role as a "gold standard" to determine the location and extent of the epileptogenic zones. The CPI technique provides a noninvasive way to image the cortical electrical activities, which would provide virtual ECoG distributions should subdural electrodes be placed over the epicortical surface. Although it is a two dimensional surface imaging approach without taking the depth of the source into consideration, it may identify the cortical regions associated with underlying sources that generate or participate in the epileptiform activity. As pediatric epilepsy patients often have epilepsy originating from the neocortex in different lobes close to the epicortical surface, the CPI results shall in particular be suitable for localization and imaging of neocortical epileptiform activity. Compared with the scalp potential distribution, the cortical potential distribution has enhanced spatial resolution. As an example, for patient #5, multiple epileptic foci were well distinguished by CPI, while only smeared activity can be observed at scalp potential distribution. This spatial enhancement provides insight for assessing and imaging the underlying cortical activity. It is especially useful in the cases that the cortical regions to be resected are near the major functional brain areas, so that it could be easily recognized if these areas are overlapping with each other. The present results indicate that the CPI approach may become a promising technique to determine the epileptogenic cortical zones to guide the surgical planning for pediatric patients.
Another advantage of the CPI technique is that, compared to the dipole method, a priori estimate of the number of the epileptogenic foci is not required. This is a key feature of CPI since an important problem in the epilepsy evaluation and treatment is that how many pathological areas are involved in the epileptiform activities. The number of sources, as well as the location and extent, can be recognized from the estimated cortical potential distributions to help the surgical decisions without ad hoc assumption with regard to the number of dipoles.
The CPI technique also gains advantage over the ECoG recordings in that the estimated cortical potential is distributed over the whole epicortical surface. Since ECoGs are obtained using subdural electrode arrays, some parts of the cortex may not be covered so that the source localization may often occur at or even beyond the edges of the recording arrays. This edge effect does not exist for the CPI approach, because all spatial information collected from the surface electrodes is used to be deconvolved into the potential distribution over the whole epicortical surface. This is a unique feature of the CPI approach, as it is always desirable in clinical practice to be able to predict various cortical regions displaying epileptiform activities from a limited number of scalp electrodes.
Due to its wider availability than ictal events, interictal spikes are often used in localizing the cortical epileptogenic regions. However, the physiological relationship between IIS generator and seizure onset zone remains unclear. Numerous studies have been conducted to investigate the mechanism of generation of human IISs (Avoli et al., 2006; Staley and Dudek, 2006) , but an agreement has not yet been reached among researchers. In a recent EEG-fMRI study of malformation of cortical development (MCD), Tyvaert et al. showed that different structures of the dysplastic cortex and the heterotopic cortex of band heterotopia were involved in interictal and seizure processes (Tyvaert et al., 2008) . However, several studies show that for most pediatric patients with intractable neocortical epilepsy, the IISs are of more predictive value to localize SOZs. Sperli et al. applied EEG source imaging technique in analyzing the interictal epileptiform activities where the epileptogenic region was successfully localized in 27 out of 30 pediatric patients (Sperli et al., 2006) . Asano et al. analyzed the intracranial interictal spikes with respect to ictal EEG findings in the pediatric patients, and suggested that interictal EEG may predict ictal-onset zones in children with intractable neocortical epilepsy (Asano et al., 2003) . Another animal experimental study also suggested the pivotal role of IIS and neuronal network depolarization in subsequent seizure development and epileptogenesis (Rheims et al., 2008) . In a very recent study, Wilke et al. employed an adaptive directed transfer function (ADTF) method to identify the cortical sources of the interictal spike activity in eight patients with medically intractable neocortical-onset epilepsy, where the results showed the majority of the ADTF-calculated source activity well correlated with clinically-defined SOZs (Wilke et al., 2009 ). The present study only included pediatric patients, most of whom had neocortical-onset epilepsy and all of whom demonstrated focal interictal epileptiform activity. The present results show that the epileptogenic foci revealed by the CPI analysis of interictal spikes coincide with the SOZs in each patient studied. This seems to support the finding that IIS is predictive of SOZs in neocortex-onset focal epilepsy.
One important concern regarding the interictal analysis is whether the single spike or the spike average should be used for the source localization. The spike averaging would increase the signal-to-noise ratio, but it is also well known that the individual interictal spikes very often show great variability in waveform so that the averaging of apparently similar spike can introduce localization error (Michel et al., 1999; Baumgartner et al., 1995; Lantz et al., 1997; Diekmann et al., 1998) . As shown in the present results, for each patient, different cortical zones were involved in different interictal spikes. For example, Figures 4e  and 4f show the CPI results for two spikes for patient #5. Activities N1 and N2 were revealed in spike #1 (Figure 4e) , while in spike #2 N1 and N3 were revealed and N2 disappeared. Similar observation can be obtained in patient #4 (Figure 3) as well. Such phenomenon may be neglected if these instantaneous activities were averaged and analyzed. It is thus important to group the IISs with similar patterns before they are averaged. In the present study, due to the limited number of available IISs with the same pattern for each patient, individual spike is used in the analysis Another important issue related to the interictal analysis is the propagation of the IISs from their origin to surrounding brain areas by uncertain neural pathways (Alarcon et al., 1994 (Alarcon et al., , 1997 Ebersole, 2000; Ulbert et al., 2004) . Under this circumstance, significant time latency can be observed among spike peaks of the interictal events at the leading channels and other channels. Quantitative analysis based on the intracranial ECoG recordings (Lai et al., 2007) has shown the initiation and propagation areas of the IISs can be quite distant. This moving source could generate blurred EEG activity especially around the area where less surface electrodes are applied. Also considering the epileptiform activities can propagate very fast especially in neocortical epilepsy (Lee et al., 2000) , the increase of temporal resolution of EEG recording is necessary when more accurate estimate of the origin and the sequential activation of the neuronal population is needed.
The present CPI results of IISs have been compared with the SOZs identified from ECoG ictal recordings. Table II shows that the averaged distance between the CPI maximum and SOZs is 4.6 mm for the 8 patients studied, suggesting that the CPI analysis of interictal spikes is predictive of the ictal onset cortical zone.
Conclusion
In summary, we have applied the CPI analysis to localize and image the cortical areas generating epileptiform activities from the EEG recordings during the interictal discharges for 8 pediatric epilepsy patients. Without any a priori knowledge, the estimated cortical potential distributions have been able to reveal the pathological cortical areas of abnormal activity overlapping with the epileptogenic foci which were identified by ictal ECoG recordings and confirmed by surgical resection outcomes. The present study shows that CPI may become an alternative noninvasive means to localize the cortical regions displaying epileptiform activity and potentially be helpful to guide the presurgical planning for pediatric epilepsy patients. Patient #4. (a,b) Scalp EEG waveforms of interictal spike #1 and #2; (c,d) Right-view scalp potential maps, estimated cortical potential distributions, and top 50% cortical activities superimposed onto the cortical surface at 6 time points of interictal spike #1 and #2; (e,f). The epileptogenic foci revealed by the CPI analysis of the peak activity of interictal spikes #1 and #2 in right view; (g). Illustration of subdural electrodes, SOZ determined by ECoG, and CPI maximum. Quantitative evaluation of the CPI analysis of interictal spikes in patient #1. Black dots represent intracranial subdural electrodes, blue dots ictal onset zones identified by ECoG ictal recordings, and pink dots cortical sites with maximum estimated potential amplitude. Table I Clinical information of the patients included in the present study. Neuroimage. Author manuscript; available in PMC 2012 January 1.
